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HIGHLIGHTS 


•  The  Na[FSA]-[C2Ciim][FSA]  ionic  liquids  are  examined  as  electrolyte  for  Na  secondary  batteries. 

•  The  liquid  state  is  observed  in  a  wide  composition  range  of  Na[FSA]. 

•  The  ionic  conductivities  are  reasonably  high  even  at  a  high  Na[FSA]  fraction. 

•  Stable  Na  metal  deposition/dissolution  occurs  in  the  present  hybrid  ionic  liquid  at  363  K. 
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Physical  and  electrochemical  properties  of  the  Na[FSA]-[C2Ciim][FSA]  (C2Ciim+:l-ethyl-3- 
methylimidazolium  and  FSA“:bis(fluorosulfonyl)amide)  ionic  liquids  have  been  investigated  in  view  of 
their  application  as  electrolytes  for  sodium  secondary  batteries  operating  in  a  wide  temperature  range. 
The  Na[FSA]-[C2Ciim][FSA]  ionic  liquids  in  the  range  of  0.0  <  x(Na[FSA])  <  0.5  are  in  the  liquid  state  at 
room  temperature,  where  x(Na[FSA])  is  the  mole  fraction  of  Na[FSA].  In  the  case  ofx(Na[FSA])  =  0.3,  the 
ionic  conductivity,  viscosity,  and  electrochemical  window  at  298  K  are  5.4  mS  cm-1,  78  mPa  s,  and  5.1  V, 
respectively.  Sodium  metal  deposition/dissolution  test  in  the  ionic  liquid  atx(Na[FSA])  =  0.3  resulted  in 
average  cycle  efficiencies  of  69%  and  96%  at  298  K  and  363  K,  respectively,  at  a  current  density  of 
1.0  mA  cm-2. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Sodium  secondary  batteries  are  interesting  candidates  as  en¬ 
ergy  storage  devices  for  stationary  use  and  electric  vehicles 
owing  to  high  abundance  and  low  cost  of  sodium  resources  as 
well  as  the  low  Na/Na+  redox  potential  [1].  Various  candidates  of 
negative  and  positive  electrodes  have  been  explored  in  the  last 
three  years  [1],  whereas  only  limited  numbers  of  electrolytes  are 
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available  so  far.  Although  the  organic  solutions,  usually  carbon¬ 
ates,  of  a  Na  salt  such  as  Na[C104]  and  Na[PF6]  are  widely  used  in 
Na  secondary  batteries  [2-4],  ionic  liquids  are  attractive  elec¬ 
trolyte  candidates  to  improve  safety  issues  and  to  widen  opera¬ 
tion  temperature  [5-9]  owing  to  their  unique  properties 
including  low  vapor  pressure,  low  flammability,  and  wide  liquid 
temperature  range  [10-12].  We  have  demonstrated  sodium 
secondary  batteries  using  bis(fluorosulfonyl)amide  anion  (FSA)- 
based  ionic  liquids  show  good  performance  with  the  Sn-Na  alloy 
negative  electrode  and  NaCr02  and  Na2FeP207  positive  electrodes 
in  an  inorganic  FSA  ionic  liquid,  Na[FSA]-K[FSA],  at  363  K  [6-8] 
and  in  an  inorganic— organic  hybrid  FSA  ionic  liquid,  Na[FSA]— 
[C3Cipyrr][FSA]  (C3Cipyrr:N-methyl-N-propylpyrrolidinium),  at 
298-358  K  [13]. 
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In  such  studies  on  Na  secondary  batteries,  only  a  few  examples 
using  imidazolium-based  ionic  liquid  electrolytes  are  available  in 
spite  of  their  high  ionic  conductivities.  This  may  arise  from  the  fact 
that  imidazolium-based  ionic  liquids  are  able  to  be  used  as  elec¬ 
trolytes  for  Li  secondary  batteries  only  in  limited  situations  [14- 
16].  For  example,  practically  acceptable  ionic  conductivity  and 
viscosity  were  recently  reported  for  the  Na[TFSA]-[C2Ciim][TFSA] 
(C2Ciim:l -ethyl-3 -methylimidazolium  and  TFSA:bis(tri- 

fluoromethylsulfonyl)amide)  ionic  liquids  [17].  The  present  study 
shows  the  high  potential  of  [C2Ciim][FSA]-based  ionic  liquids  as 
electrolytes  for  Na  secondary  batteries  with  high  ionic  conductiv¬ 
ities  and  wide  liquid  temperature  ranges. 

2.  Experimental 

Air  sensitive  materials  were  handled  in  a  glovebox  under  a  dried 
and  deoxygenated  argon  atmosphere.  The  Na[FSA]  salt  (Mitsubishi 
Materials  Electronic  Chemicals  Co.,  Ltd.,  water  content  <  72  ppm) 
was  dried  under  vacuum  at  353  I<  prior  to  use.  The  room  temper¬ 
ature  ionic  liquid,  [C2Ciim][FSA]  (Kanto  Chemical  Co.,  Ltd.,  water 
content  <  28  ppm),  was  used  as  purchased. 

Phase  transition  temperatures  for  various  compositions  of  Na 
[FSA]— [C2Ciim][FSA]  mixtures  were  determined  by  differential 
scanning  calorimetry  (DSC)  (DSC-60,  Shimadzu  Corp.)  at  a  scan  rate 
of  5  I<  min-1  under  a  dry  argon  atmosphere.  Samples  were  sealed  in 
stainless  steel  cells  in  the  glovebox  and  the  measurements  were 
performed  under  a  dry  Ar  flow.  Viscosities  were  measured  by  a 
cone  and  plate  rheometer,  LVDV-II+PRO  (Brookfield  Engineering 
Laboratories,  Inc.).  Ionic  conductivities  were  measured  with  the  aid 
of  an  impedance  analyzer  3532-80  (Hioki  E.E.  Corp.)  by  an  AC 
impedance  technique  using  a  cell  with  stainless  steel  disk  elec¬ 
trodes.  Water  content  was  measured  by  Karl— Fischer  titration  (899 
Coulometer,  Metrohm).  Density  was  measured  using  an  oscillating 
U-tube  density  meter  (DMA  4500  M,  Anton  Paar  GmbH). 

Cyclic  voltammetry  was  performed  with  the  aid  of  a  Biologic 
VSP-300  system.  The  Na  deposition/dissolution  test  was  performed 
in  a  two-electrode  cell  at  a  current  density  of  1.0  mA  cm-2  using  a 
Hokuto  Denko  HJ1001SD8  system.  Sodium  metal  of  1.0  C  cm'2  was 
first  deposited  on  a  Cu  substrate  and  Na  dissolution  and  deposition 
of  0.2  C  cm-2  were  repeated  until  the  electrode  potential  reached 
0.5  V  vs.  Na/Na+  during  the  dissolution. 

3.  Results  and  discussion 

Table  1  lists  selected  physical  properties  of  the  Na[FSA]- 
[C2Ciim][FSA]  ionic  liquids.  Fig.  1  shows  the  Na[FSA]-[C2Ciim][FSA] 


Table  1 

Selected  physical  properties  of  the  Na[FSA]— [C2Ciim][FSA]  ionic  liquids.3 


x(Na[FSA]) 

Ti/I< 

t2/k 

Ts-s/K 

Tg/K 

p/g  cm  3 

a/ mS  cm  1 

rjl mPa  s 

0.0 

260 

269 

n.d. 

n.d. 

1.442 

16.6 

20.3 

0.1 

249 

263 

n.d. 

n.d. 

1.478 

12.2 

28.9 

0.2 

n.d. 

251 

n.d. 

182 

1.519 

8.5 

43.4 

0.3 

n.d. 

n.d. 

n.d. 

191 

1.561 

5.4 

78.0 

0.4 

n.d. 

n.d. 

n.d. 

200 

1.612 

2.9 

157.8 

0.5 

n.d. 

n.d. 

n.d. 

210 

1.664 

1.2 

343.7 

0.6 

302 

376 

n.d. 

215 

- 

- 

- 

0.7 

301 

384 

n.d. 

216 

- 

- 

- 

0.8 

301 

394 

373 

214 

- 

- 

- 

0.9 

302 

394 

374 

n.d. 

- 

- 

- 

1.0 

391 

401 

375 

n.d. 

- 

- 

- 

3  Ti :  the  onset  temperature  of  melting,  T2:  the  end  temperature  of  melting,  Ts_s: 
solid— solid  transition  temperature,  Tg :  glass  transition  temperature,  p:  density  at 
298  K,  a:  ionic  conductivity  at  298  K,  77:  viscosity  at  298  K,  and  n.d.:  not  detected.  The 
7i,  T2,  Ts_ s,  and  Tg  values  were  determined  based  on  the  DSC  analysis  at  a  scan  rate  of 
5  K  min-1. 


x(Na[FSA]) 

Fig.  1.  Phase  diagram  of  the  Na[FSA]-[C2Ciim][FSA]  system  based  on  the  DSC  transi¬ 
tion  temperatures  in  Table  1  (Ti :  the  onset  temperature  of  melting,  T2:  the  end  tem¬ 
perature  of  melting:  Ts_s:  solid-solid  transition  temperature,  and  Tg :  glass  transition 
temperature). 


phase  diagram  based  on  the  DSC  measurements  (see 
Supplementary  data  for  the  DSC  curves).  Thermal  behavior  of 
[C2Ciim][FSA]  and  Na[FSA]  single  salts  is  in  good  agreement  with 
previous  reports  14,15,18].  In  the  range  of  0.3  <  x(Na[FSA])  <  0.5, 
where  x(Na[FSA])  denotes  mole  fraction  of  Na[FSA],  melting  of  the 
crystal  phase  disappears  and  only  glass  transition  is  observed  in  the 
present  DSC  measurements.  Although  the  salts  in  the  range  of 
0.0  <  x(Na[FSA])  <  0.5  are  certainly  liquid  at  room  temperature, 
very  slow  transitions  below  room  temperature  may  not  be  detect¬ 
able  by  the  present  DSC  study.  For  example,  the  salt  at  x(Na 
[FSA])  =  0.5  did  not  crystallize  after  aging  at  243  K  for  24  h  but  did 
after  3  weeks.  The  [CnCiim][TFSA]-Li[TFSA]  (CnCiim:l-alkyl-3- 
methylimidazolium  with  n  =  2,  3,  and  4)  system  shows  similar 
behavior  (disappearance  of  melting  from  crystal  phases)  in  a  wide  Li 
[TFSA]  range  [19],  whereas  the  binary  systems  of  alkali  metal  FSA 
salts  [20]  and  the  [CnCipyrr][TFSA]-Li[TFSA]  (CnCipyrr:N-alkyl-N- 
methylpyrrolidinium  with  n  =  2,  3,  and  4)  system  [21]  exhibit 
crystallization  at  any  composition.  The  solid-solid  transition,  which 
was  reported  for  the  Na[FSA]  single  salt  (375 1<)  [18],  is  also  observed 
at  x(Na[FSA])  =  0.8  and  0.9.  Glass  transition  temperature  increases 
with  increase  in  x(Na[FSA])  and  becomes  nearly  constant  in  the 
range  of  0.6  <  x(Na[FSA])  <  0.8.  Similar  trend  was  observed  for  the 
Na[TFSA]— [C2Ci  im]  [TFSA]  [17],  the  Li[TFSA]-[C4Cipyrr][TFSA] 
(C4Cipyrr:N-butyl-N-methylpyrrolidinium)  [22],  and  the  [CnCipyrr] 
[TFSA]-Li[TFSA]  (CnCipyrr:N-alkyl-N-methylpyrrolidinium  with 
n  =  2,  3,  and  4)  systems  [21].  According  to  this  phase  diagram,  a 
wide  liquid  temperature  range  more  than  100  I<  around  room 
temperature  is  achieved  in  the  composition  range  of  0.0  <  x(Na 
[FSA])  <  0.5.  The  combination  of  C2Ciim+  and  FSA-  that  tend  to 
form  low  melting  salts  probably  contributes  to  this  behavior. 

Fig.  2  shows  Arrhenius  plots  of  viscosity  and  ionic  conductivity 
for  the  Na[FSA]-[C2Ciim][FSA]  ionic  liquids  of  x(Na[FSA])  =  0,  0.1, 
0.2,  0.3,  0.4  and  0.5.  The  present  ionic  conductivity  of  the  [C2Ciim] 
[FSA]  single  salt  (16.6  mS  cm-1)  is  in  good  agreement  with  previ¬ 
ously  reported  values  (16.5  mS  cm-1  [14]  and  15.4  mS  cm-1  [15]). 
The  plots  have  concave  and  convex  shapes  for  the  viscosities  and 
ionic  conductivities,  respectively,  in  the  temperature  range  of 
measurement.  This  behavior  is  typical  for  ionic  liquids  and  the 
Vogel-Tamman-Fulcher  (VTF)  equation  [23,24]  (Eqs.  (1 )  and(  2))  is 
known  to  fit  such  behavior  better  than  the  Arrhenius  equation 
[25,26]: 

V  =  AvT V2  exp[Bv/(T-T0v)} 


(1) 
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Fig.  2.  Arrhenius  plots  of  (a)  viscosity  and  (b)  ionic  conductivity  for  the  Na[FSA]- 
[C2Ciim][FSA]  (x(Na[FSA])  =  0.0,  0.1,  0.2,  0.3,  0.4,  and  0.5)  ionic  liquids. 


a  =  A„T-V2  exp[  -  Ba/(T  -  T0it)]  (2) 

where  tj  and  a  are  viscosity  and  ionic  conductivity,  respectively,  and 
Ay,  ^77*  ^077*  Aa,  Ba,  and  Toa  are  VTF  parameters  as  shown  in  Table  2. 
Although  the  T0v  and  T0ff  values,  called  ideal  glass  transition  tem¬ 
peratures,  are  lower  than  the  observed  Tg  values,  their  trends 
against  x(Na[FSA])  match  that  of  the  observed  Tg  in  Fig.  1.  The  Bv  and 
Bff  parameters,  which  are  related  with  activation  energies,  increase 
with  increase  in  x(Na[FSA])  as  is  reflected  in  the  gradients  of  the 
plots  in  the  high  temperature  range.  The  Av  and  Aa  parameters 
increases  and  decreases,  respectively,  with  increase  in  x(Na[FSA]). 
The  ionic  conductivity  at  298  K  monotonously  decreases  with  in¬ 
crease  in  x(Na[FSA])  from  16.6  mS  cm-1  for  x(Na[FSA])  =  0.0  to 
1.23  mS  cm-1  for  x(Na[FSA])  =  0.5.  The  ionic  conductivities  of  the 
present  ionic  liquids  are  higher  than  those  of  the  ionic  liquid 
electrolytes  of  the  same  composition  and  temperature  previously 
investigated  for  Na  and  Li  secondary  batteries  owing  to  the  low 
viscosity  of  FSA-based  ionic  liquids  (for  instance,  3.2  mS  cm-1  for 


Table  2 

The  VTF  parameters  of  viscosity  and  ionic  conductivity  for  the  Na[FSA]— [C2Ciim] 
[FSA]  ionic  liquids.3 


x(Na[FSA]) 

10%/mPa  s  K-1/2 

VK 

WK 

10  4AalmS  cm 

1  K1/2  Bffl I< 

WK 

0.0 

5.86 

865 

134 

1.70 

579 

156 

0.1 

5.30 

877 

145 

1.74 

608 

160 

0.2 

4.76 

912 

153 

1.75 

623 

167 

0.3 

4.68 

931 

162 

1.77 

632 

177 

0.4 

3.94 

995 

170 

2.07 

684 

184 

0.5 

3.39 

1054 

177 

2.55 

752 

191 

a  The  symbols,  Av,  Bv,  T0r?,  Aa,  Ba,  and  T0a,  are  the  VTF  parameters  in  Eqs.  ( 1 )  and  (2) 
and  determined  from  the  plots  in  Fig.  1. 


Na[FSA]-[C3Cipyrr][FSA]  at  x(Na[FSA])  =  0.2  at  298  K,  [13], 
10.6  mS  cm-1  for  Li[TFSA]-[C2Ciim][TFSA]  at  x(Li[TFSA]  =  0.11)  at 
303  K  [27],  and  11.0  mS  cm-1  for  Li[TFSA]-[C2C1im][FSA]  at  x(Li 
[TFSA]  =  0.08)  at  298  K)  [15], 

Fig.  3  shows  a  combined  cyclic  voltammogram  of  Cu  disk 
(negative  potential  region),  glassy  carbon  disk  (positive  potential 
region),  and  Al  plate  (positive  potential  region)  electrodes  in  the  Na 
[FSA]-[C2Ciim][FSA]  ionic  liquid  at  x(Na[FSA])  =  0.3  at  298  K.  The 
cathodic  and  anodic  currents  observed  around  0  V  vs.  Na/Na+ 
correspond  to  electrodeposition  and  electrodissolution  of  Na  metal, 
respectively.  Dendritic  deposition  of  Na  metal  was  visually 
confirmed  during  and  after  electrochemical  measurements.  No  sign 
of  the  decomposition  of  C2Ciim+  is  observed  during  the  cathodic 
scan.  This  stands  in  contrast  to  the  case  of  Li  metal  deposition  in 
C2Ciim+-based  ionic  liquids  [28  ,  which  suffers  from  the  cathodic 
instability  of  C2Ciim+.  Due  to  the  higher  redox  potential  of  sodium 
than  that  of  lithium,  stable  and  reversible  deposition  and  dissolu¬ 
tion  of  sodium  is  realized  in  this  system.  The  stable  Na  deposition/ 
dissolution  indicates  the  high  performance  of  the  Na[FSA]— 
[C2Ciim][FSA]  ionic  liquids  as  electrolytes  for  sodium  secondary 
batteries.  The  anodic  limit  on  a  glassy  carbon  electrode  is  deter¬ 
mined  to  be  5.1  V  (anodic  current  density  of  0.5  mA  cm-2).  The  Al 
working  electrode  exhibits  a  high  anodic  stability  in  this  ionic  liquid 
probably  owing  to  the  formation  of  passivation  film  as  in  the  case  of 
the  Al  electrode  in  many  organic  solvents,  suggesting  the  validity  of 
use  of  an  Al  current  collector  for  positive  electrodes  for  sodium 
secondary  batteries. 

Sodium  deposition/dissolution  test  was  performed  at  the  cur¬ 
rent  density  of  1.0  mA  cm-1  in  the  Na[FSA]-[C2Ciim][FSA]  ionic 
liquid  atx(Na[FSA])  =  0.3  at  298  I<  using  a  Cu  working  electrode  and 
a  Na  counter  electrode.  The  average  cycle  efficiency  of  Na  deposi¬ 
tion/dissolution  (eCycie)  is  obtained  according  to  the  following 
equation  (Eq.  (3)): 

ecycle  =  Neff  *  Qcycle  j  (^Qex  +  Neff  •  Qcyde^)  (3) 

where  Ne ff  is  cycle  number  until  the  electrode  potential  reached 
0.5  V  vs.  Na/Na+,  Qcycle  is  the  electric  charge  for  Na  deposition/ 
dissolution  (0.2  C  cm-2),  and  QeX  is  the  extra  amount  of  electricity 
theoretically  not  necessary  (0.8  C  cm-2).  The  test  at  298  I< 
continued  for  9  cycles,  giving  eCycie  of  69%.  By  making  use  of  good 
thermal  stability  of  ionic  liquids,  the  same  test  was  performed  at 
363  K,  because  good  electrochemical  properties  were  already 
confirmed  at  this  temperature  in  several  FSA-based  ionic  liquids 
[6-8,13  .  The  eCycie  value  at  363  K  was  96%  for  93  cycles  and  is  better 


Fig.  3.  A  combined  cyclic  voltammogram  of  Cu  disk  (negative  potential  region),  glassy 
carbon  (GC)  disk  (positive  potential  region),  and  Al  plate  (positive  potential  region) 
electrodes  in  the  Na[FSA]-[C2Ciim][FSA]  ionic  liquid  at  x(Na[FSA])  =  0.3  at  298  K. 
Reference  and  counter  electrodes  are  Na  metal.  Scan  rate:  5  mV  s-1. 
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than  that  at  298  K.  The  higher  eCycie  value  at  363  K  is  considered  to 
arise  from  the  suppression  of  dendritic  Na  metal  deposition  at  the 
temperature  near  the  melting  point  of  Na  metal  (371  I<)  because 
diffusion  of  atoms  at  metal  surface  becomes  faster  near  the  melting 
point.  Decrease  in  viscosity  and  increase  in  ionic  conductivity  by 
the  elevation  of  temperature  (78.0  mPa  s  and  5.4  mS  cnrr1  at  298  K 
and  9.1  mPa  s  and  31.1  mS  cm-1  at  363  I<)  accelerate  the  supply  of 
Na+  to  the  electrode  and  may  also  suppress  the  dendritic  Na  metal 
deposition.  One  of  the  possible  factors  to  decrease  eCycie,  the  reac¬ 
tion  of  the  deposited  Na  metal  with  impurities  in  the  ionic  liquid  or 
with  the  ionic  liquid  itself,  is  considered  to  be  ruled  out  in  this  case 
because  such  a  reaction  to  decrease  £Cycie  should  be  accelerated  at 
elevated  temperatures,  which  contradicts  the  present  observations. 

4.  Conclusion 

This  study  reported  physical  and  electrochemical  properties  of 
the  Na[FSA]-[C2Ciim][FSA]  ionic  liquids.  A  wide  temperature  range 
more  than  100  I<  around  room  temperature  is  achieved  in  the 
composition  range  of  0.0  <  Na[FSA]  <  0.5.  The  ionic  conductivities 
of  these  Na-containing  ionic  liquids  are  higher  than  known  ionic 
liquid  electrolytes  at  the  same  composition  of  Na  salt.  The  elec¬ 
trochemical  window  is  5.1  V  and  stable  electrodeposition  and 
electrodissolution  of  Na  metal  occurs  around  0  V  vs.  Na/Na+  for 
x(Na[FSA])  =  0.3  at  298  K.  The  wide  electrochemical  window  en¬ 
ables  the  use  of  various  positive  electrode  materials.  These  results 
suggest  the  high  potential  of  these  ionic  liquids  as  electrolytes  for 
Na  secondary  batteries. 
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